Abstract Instrumental variables methods (IV) are widely used in the health economics literature to adjust for hidden selection biases in observational studies when estimating treatment effects. Less attention has been paid in the applied literature to the proper use of IVs if treatment effects are heterogeneous across subjects. Such a heterogeneity in effects becomes an issue for IV estimators when individuals' selfselected choices of treatments are correlated with expected idiosyncratic gains or losses from treatments. We present an overview of the challenges that arise with IV estimators in the presence of effect heterogeneity and self-selection and compare conventional IV analysis with alternative approaches that use IVs to directly address these challenges. Using a Medicare sample of clinically localized breast cancer patients, we study the impact of breast-conserving surgery and radiation with mastectomy on 3-year survival rates. Our results reveal the traditional IV results may have masked important heterogeneity in treatment effects. In the context of these results, we discuss the advantages and limitations of conventional and alternative IV methods in estimating mean treatment-effect parameters, the role of heterogeneity in comparative effectiveness research and the implications for diffusion of technology.
Introduction
Recent legislation around investments in comparative effectiveness research (CER) has raised awareness and enthusiasm for the development of methods for such research. A contemporaneous investment in health information technology has raised A. Basu ( ) Departments of Health Services and Pharmacy, University of Washington, Seattle, 1959 NE Pacific St, Box 357660, Seattle, WA 98195-7660, USA e-mail: basua@uw.edu hopes for the development of richer and comprehensive observational databases based on electronic medical records. Despite the push for the larger use of such databases in CER, the fundamental methodological challenge of selection bias arising out of non-random assignment of treatments remains. Since the goal of CER is to generate information that can inform better treatment selection in practice, causal estimation of treatment effects remain central to the CER theme. Otherwise, interventions that do not provide sufficient value may be adopted and treatments that do may be eliminated.
Selection bias (i.e., confounding by indication) arises when factors that can influence the treatment choice such as patient health and provider skills also influence outcomes. This is a common phenomenon in observational studies of treatment outcomes. The significance of this well-known limitation was famously illustrated in the case of hormone replacement therapy in post-menopausal women. As several large scale observational studies consistently showed these treatments to be effective for preventing chronic cardiovascular disease, hormone replacement therapy became widely adopted. Use then plummeted when these studies were eventually disproven by a large randomized trial [35] . It has subsequently been shown that the reason for the discrepant results was that the observational studies failed to consider certain confounders like socioeconomic status [25] or failed to distinguish initiation of therapy from prevalence of therapy [24] . The significance of overcoming the limitation of common observational study designs cannot be overstated as it could lead to fewer mistaken conclusions regarding treatment effectiveness and a greater use of sound observational studies to develop the evidence base of comparative effectiveness research.
A wide range of statistical methods have been developed to address overt selection bias or bias that arise due to differences in levels of confounders for patients receiving different treatments that are observed by the analyst of the observational data. Some of the most common techniques used to address overt bias include regression methods, propensity score matching and doubly robust estimators [3, 34, 36, 38, 40] . The set of techniques that rely on propensity scores and related techniques that ensure balance of confounders between groups are being widely adopted in comparative effectiveness research as they often provide better estimates of treatment effects [39] and can be implemented across a wide range of settings using data readily available. However, these methods have limitations if confounders that are not observed by the analysts give rise to hidden selection bias [43, 44] . This hidden selection bias presents the biggest challenge for comparative effectiveness research as aptly illustrated in the hormone replacement therapy example.
Because of the prevalence of hidden selection bias, instrumental variable (IV) analysis has been a cornerstone method for observational studies, whose origins date back to the 1920s [42] . In the last couple of decades, these methods have gained popularity in the medical literature on the evaluation alternative medical treatments [9, 10, 14, 27, 43] , the types of evaluations that were by and large restricted to clinical trials. The instrumental variables determine or affect treatment choice, but do not have a direct effect on outcomes except to the extent that they influence the choice of treatment [1, 2, 16] . Thus, by using IVs, one can induce substantial variation in the treatment variable but have no direct effect on the outcome variable of interest.
